Lactase persistence (LP), the dominant Mendelian trait conferring the ability to digest the milk sugar lactose in adults, has risen to high frequency in central and northern Europeans in the last 20,000 years. This trait is likely to have conferred a selective advantage in individuals who consume appreciable amounts of unfermented milk. Some have argued for the ''culture-historical hypothesis,'' whereby LP alleles were rare until the advent of dairying early in the Neolithic but then rose rapidly in frequency under natural selection. Others favor the ''reverse cause hypothesis,'' whereby dairying was adopted in populations with preadaptive high LP allele frequencies. Analysis based on the conservation of lactase gene haplotypes indicates a recent origin and high selection coefficients for LP, although it has not been possible to say whether early Neolithic European populations were lactase persistent at appreciable frequencies. We developed a stepwise strategy for obtaining reliable nuclear ancient DNA from ancient skeletons, based on (i) the selection of skeletons from archaeological sites that showed excellent biomolecular preservation, (ii) obtaining highly reproducible human mitochondrial DNA sequences, and (iii) reliable short tandem repeat (STR) genotypes from the same specimens. By applying this experimental strategy, we have obtained high-confidence LP-associated genotypes from eight Neolithic and one Mesolithic human remains, using a range of strict criteria for ancient DNA work. We did not observe the allele most commonly associated with LP in Europeans, thus providing evidence for the culture-historical hypothesis, and indicating that LP was rare in early European farmers.
M
ost mammals lose the ability to digest the milk sugar lactose after weaning because of an irreversible reduction in expression of the intestinal enzyme lactase (i.e. lactase phlorizin hydrolase). This pattern is also seen in most humans, but some continue expressing lactase throughout adult life [lactase persistence (LP) ]. This dominant Mendelian trait is common in populations of northern and central European descent and shows intermediate frequencies in southern and eastern Europe (1) . Africa and the Middle East show a more complex distribution, with pastoralists often having high frequencies of LP, whereas in their nonpastoralist neighbors, it is usually much less common (2) . The T allele of C/T polymorphism located 13,910 bp upstream of the lactase (LCT) gene (Ϫ13.910*T) has been shown to associate strongly with LP in Europeans (3), and recent in vitro studies have indicated that it can directly effect LCT gene promoter activity (4) . However, different but closely linked polymorphisms associate with LP in most African groups, indicating either that Ϫ13.910*T is not causative of LP and/or that the trait has evolved more than once in humans (2, 5, 6) .
It has been suggested that the modern frequency of LP in Europe is the result of a relatively recent and strong selection process (7, 8) . Although not fully understood, the biological advantages of LP probably include the continuous availability of an energy-and calcium-rich drink that enables a farming community to overcome poor harvests. Because it is unlikely that LP would have provided a selective advantage in the absence of a supply of fresh milk, and because of observed correlations between the frequency of LP and the extent of traditional reliance on animal milk, the culture-historical hypothesis has been proposed (8) (9) (10) (11) (12) . Under this model, LP was driven from very rare cases of preadaptation to appreciable frequencies only after the cultural practice of dairying arose. However, an opposing view, the reverse cause hypothesis, has also been proposed (8, 13, 14) . According to this model, human populations were already differentiated with regard to LP frequency before the development of dairying, and the presence of LP determined the adoption of milk production and consumption practices (15) . Based on the decay of long-range haplotypes and variation in closely linked microsatellites, the inferred age of the Ϫ13.910*T allele in Europe has been estimated to be between 2,188 and 20,650 years (16) and between 7,450 and 12,300 years (17), respectively. These dates bracket archaeological estimates for the introduction of domestic cattle breeds into Europe (18) , and when considered in conjunction with the modern frequency distribution of the Ϫ13.910*T allele in Europe, they indicate a strong selective advantage to LP. However, these date estimates do not exclude the possibility of LP being present in Europe at appreciable frequency before the Neolithic.
Analyzing DNA from archaeological human remains is the only direct method to identify the presence of the Ϫ13.910*T allele in specific prehistoric populations. Unfortunately, the authenticity of ancient DNA data, particularly when recovered from human remains, cannot be guaranteed because of the problems of modern DNA contamination (19) (20) (21) (22) (23) and postmortem damage (24) (25) (26) (27) (28) (29) . Although generic validation criteria have been proposed for ancient DNA work (30), they are often not tailored to the specific questions being addressed. Gilbert et al. (31) have recently proposed a more flexible approach, whereby the validation criteria used are customized to the particulars of the archaeological source material and the aims of the investigation. In the context of understanding the origins and evolution of LP in Europe, we have engaged this approach to analyze 51 bone samples from early Holocene sites in central and eastern Europe for the preservation of mitochondrial and nuclear DNA and subsequently for the presence of the Ϫ13.910*T allele. Using a range of authentication criteria, we obtained high confidence genotypes from eight early Neolithic and one Mesolithic skeletons of central, northeast, and southeast Europe (Fig. 1 ).
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Results
We selected bone samples that showed excellent biomolecular preservation. This characteristic was additionally shown by the reproducible amplification of animal DNA from the same and from neighboring archaeological sites (Szarvas, Albertfalva, Szegvár-Tüzköves, and Derenburg; no animal bones were available from the Baltic sites). Further, all samples typed for the Ϫ13.910-C/T polymorphism had previously yielded reproducible mitochondrial DNA (J.B., W.H., and B.B. unpublished data and ref. 32 ) and short tandem repeat (STR) data. The STR profiles of the 10 individuals are shown in supporting information (SI) Table 2 . mtDNA haplotypes are shown in Table 1 . In accordance with previous studies (33, 34) , STR-allelic dropout in heterozygous individuals was observed at a rate of 10%. Locus dropout happened in 24% of PCRs as measured by using the STR Profiler multiplex assay. Because of the high number of repeated typings, allelic and locus dropout did not influence the final consensus genotype determination (33, 35) .
Ϫ13.910-C/T genotypes were considered reliable when results were reproduced from at least two extractions and two independent PCRs in combination with negative controls. We obtained genotypes from eight Neolithic skeletons of central, northeast, and southeast Europe ranging in age between 5800 and 5000 B.C. (Table 1 ). One Mesolithic sample typed is absolutely younger [2267 Ϯ 116 calibrated date (cal) B.C.] Additionally, we typed one Medieval skeleton as a control. We identified 9 of 10 individuals as homozygous C at position Ϫ13.910; all were Mesolithic and Neolithic samples. The one Medieval individual was heterozygous for the Ϫ13.910-C/T polymorphism. This was the only heterozygous individual, and it never showed allelic dropout. In addition, we typed the Ϫ22.018-A/G polymorphism at position 18524 in intron 9 of the MCM6 gene, which is also associated with LP, although the correlation The samples are described in SI Table 3 . CRS, Cambridge reference sequence.
between the presence of the A allele and LP is less strong than for Ϫ13.910*T (36). Here, all but the medieval sample were homozygous G. The complete results are shown in Table 1 . For comparison, we show in SI Table 4 the genotypes of the main archaeologists and anthropologists who handled the samples and of the lab workers who were present in the lab when the samples were processed. In 7 of 88 cases Ϫ13.910 C residues showed an additional minor T peak after minisequencing. In those cases, PCR products were additionally ligated into a pUC18 (T vector, our own production) and used to transform an Escherichia coli culture (RR1). Selected transformant colonies were directly PCRamplified and sequenced by using universal M13 primers. The 41 clones of six PCR products showed the usual pattern of ancient degradation, with type II transitions being the most common postmortem artifact. Clone sequences of 67-bp length showed between zero and four inconsistent substitutions (average 0.77 per clone sequence). The site of the Ϫ13.910-C/T polymorphism was affected by inconsistent postmortem alterations in just one clone.
By treating the eight Neolithic individuals as belonging to the same metapopulation, we estimate that the frequency of the Ϫ13.910*T allele in this population should be no more than 0.17 with 95% confidence and no more than 0.25 with 99% confidence. Assuming Hardy-Weinberg equilibrium and that the Ϫ13.910*T allele is the only cause of LP in ancestral Europeans, these allele frequencies correspond to LP frequencies of no more than 0.31 and 0.44, respectively. These values represent the upper end of our frequency estimates; actual frequencies are likely to have been lower and could have been zero.
Discussion
Archaeological Human Nuclear DNA. Because we report a lack of polymorphism in nuclear loci from archaeological human skeletons dating to up to 8,000 years old, a justification of an endogenous origin of the DNA is required. Despite the severe rules to avoid contamination at the Mainz ancient DNA facilities, on average 10-15% of clones from amplifications of human archaeological mitochondrial DNA contain sequences of contaminant origin (32) . For nuclear DNA, both the success and contamination rates are much lower. Only 27% of samples that yielded mitochondrial sequences also yielded nuclear DNA (37) . At the same time, the contamination rate of nuclear DNA is close to zero. Sampietro et al. (20) report that mitochondrial contaminations by the archaeologists or other workers involved in the sampling process can make up to 17% of sequenced human clones. This is similar to our finds for mitochondrial DNA. However, when analyzing nuclear DNA markers, especially STRs, and in those cases when researchers involved in sampling, washing, etc., of the samples were known to us, we never observed the amplification of those nuclear DNAs as a contamination. Reports of ancient nuclear DNA so far are mainly based on animal skeleton finds (38-42). There are a few studies that report consistent amplification of STR profiles from human skeletal remains (33, 34, 43, 44) . We applied the genotyping and reproduction strategies developed in these studies to our sample of 51 bones that previously yielded reproducible human mitochondrial DNA sequences in association with excellently preserved animal bones. This stepwise strategy [(i) excellent biomolecular preservation in animal bones, (ii) reproducible human mtDNA sequences, and (iii) reliable STR genotypes] resulted in highly confident genotyping of less variable nuclear markers, such as the Ϫ13.910*-C/T polymorphism. We observe complete absence of the Ϫ13.910*T allele in an Early Holocene sample, a result that is difficult to reconcile with modern contamination, because it is very different from the allelic distribution in modern Europeans. The question remains whether allelic dropout may be an explanation for the observed homozygosity in our sample.
We observe allelic dropout in our STR multiplex data at a rate of 10%. However, we did not observe preferential amplification when the two alleles that were present were similar in size. Thus, unless the Ϫ13.910*C allele is amplified preferentially, which seems unlikely, repeated typing of the same individual from different extractions and different PCRs allows us to exclude allelic dropout as a cause for high homozygosity.
In summary, the following points add to our confidence that we have excluded contamination. Thereby, we also refer to mtDNA sequence data and STR genotypes previously obtained from the skeletons, which show a higher individual variability and help to point out the authentic origin of the less variable lactase genotype (cf. also ref.
45):
Y The frequency of the alleles in our prehistoric sample is different from the frequencies in modern populations and the lab crew (SI Table 4 Table 4 ), we did not detect the DNA profiles (mtDNA, STRs) of these investigators after cleaning the surface of the samples following our protocols. Y Mitochondrial DNA sequences that were obtained from the 10 samples by direct sequencing were always identical to those from a previous study that used extensive cloning from additional PCRs of the same specimens (ref. 32 and B.B., J.B., and W.H., unpublished data). Here, overlapping amplicons from independent PCRs complemented each other and gave unambiguous haplotypes that correspond to attested branches of the human mtDNA phylogenetic tree. Contaminating sequences were restricted to single amplicons and could be ruled out, because they produced nonsense haplotype mosaics (46) . In some cases, we were able to amplify the two SNP loci (Ϫ13.910-C/T and Ϫ22.018-A/G) in a multiplex approach together with an HVR I-fragment. Again, the SNP alleles and the mtDNA haplotype from all previous experiments were reproducible.
Based on these experimental data and theoretic considerations, we are confident that our data are authentic and can be interpreted in the context of the evolution of LP in central and northern Europeans. However, from a theoretical point of view, it is impossible to detect or completely rule out a systematic contamination of a skeleton. Nonetheless, it is probable that our decontamination procedures would remove a systematic contamination in the unlikely event that a whole skeleton became contaminated.
Absence of LP in Meso-and Neolithic European Populations. Estimates for the age of the 13.910*T allele, based on data from modern individuals, are between 2,188 and 20,650 years (16) and between 7,450 and 12,300 years (17) . Thus it is, a priori, plausible that the Ϫ13.910*T allele was present at appreciable frequencies in early Neolithic, and even pre-Neolithic, European populations. However, these relatively recent date estimates are based on the observation of low haplotype diversity and, when con-sidered in conjunction with modern allele frequencies, indicate a strong role for selection. It is highly unlikely that milk would have been a major component of the adult diet, and thus that selection would have been acting, before the domestication of goats, sheep, or cattle. Bersaglieri et al. (16) estimate the coefficient of selection (S) associated with carrying at least one copy of a Ϫ13.910*T allele to be between 0.014 and 0.15, using a European dataset. By applying a simple deterministic model (see Materials and Methods) we would expect the Ϫ13.910*T allele frequency 7,000 years ago to be Ϸ0.089 (when S ϭ 0.014) and Ϸ0 (when S ϭ 0.15). Thus, the results presented here are consistent with expectation under the culture-historical hypothesis for the origins of LP in Europe (8) (9) (10) (11) (12) . Although there is only one sample, it is also notable that, as would be expected, the Ϫ13.910*T allele is absent in our Mesolithic sample.
The present study should contribute to archaeological debate concerning the origin of dairying in Europe. Although some scholars assume that dairying was not practiced during the earliest phases of the Neolithic and that it first spread over Europe in the 3rd millennium B.C. (47, 48) , others, based on osteometric sexing of cattle and goats, suggest an onset of dairying practices in southeastern Europe and southern Germany between 7000 and 6500 B.P. (49) . Others claim that the technical skill of dairying came to Europe already as part of the fully developed Neolithic package with the first farmers (50, 51) . The latter view is supported by the earliest archaeometric evidence for dairying in Europe Ϸ7900-7500 B.P. in Hungary (52) and Ϸ6100 B.P. in Britain (53, 54) . These dates suggest that dairying practices came to Europe nearly simultaneously with cereal agriculture and domestic animals. However, the absence of the 13.910*T allele in our Neolithic samples indicates that the early farmers in Europe were not yet adapted to the consumption of unprocessed milk. Dairying is unlikely to have spread uniformly over Europe, and the use of milk in the Early Neolithic may have been rare. Although our data are consistent with strong selection for LP beginning with the introduction of cattle to Europe Ϸ8800 B.P., it is unlikely that fresh milk consumption was widespread in Europe before frequencies of the 13.910*T allele had risen appreciably during the millennia after the onset of farming.
Important questions remain regarding the geographic location of the earliest Ϫ13.910*T-allele-carrying populations, the mode and direction of spread of the allele, and the precise nature of the selective advantage(s) conferred by LP. If dairying was a common feature of European Neolithic populations, and the selection pressure is actually so strong, then an LP-causing mutation occurring anywhere in Europe should rise rapidly in frequency. A number of approaches are available for inferring the geographic origin and direction of spread of an allele by using data from modern populations. The modern distribution of the Ϫ13.910*T allele might be taken to indicate a northwestern European origin. However, forward computer simulations have shown that the center of distribution of an allele can be far removed from its location of origin when a population expands along a wave front (55) . Geographic structuring of haplotype diversity among Ϫ13.910*T-carrying lineages may prove to be a more reliable indicator of the region of origin, and in a preliminary report, Enattah et al. (56) have used this approach to infer an eastern, possibly steppe, origin for the Ϫ13.910*T allele. But, as with inference based on allele distribution alone, common demographic processes, such as demic diffusion, may obscure signals of geographic origin. Although computer simulations that accommodate or explore more realistic demographic scenarios (e.g., ref. 57 ) and other parameters, such as selection strengths, offer for the future a better understanding of the origin, spread, and coevolution of LP and dairying in Europe, all inference-based methods for investigating these factors carry a high degree of uncertainty. Thus, we believe that an ancient DNA approach, the feasibility of which is demonstrated here, is the most direct way of studying the evolution of LP in Europe. In this study, we provide high-confidence prehistoric lactase genotypes from reliably dated remains. One direction for future research that should yield a greater insight into the origin, evolution, and spread of LP in human populations would be the incorporation of our data into the wider computer simulation models proposed above.
Conclusions
We accept that, although we are highly confident in our data, we cannot be absolutely certain that systematic contamination of single skeletons has been excluded. But crucially, we believe that the information we provide on the spatiotemporal distribution of the Ϫ13.910*T allele competes favorably with equivalent information that could be inferred by using molecular data from modern populations. Although the quantity of data presented is not sufficient to completely reject the reverse cause hypothesis for the origins of LP in Europe (9, 13, 14), we have provided (i) evidence in support of the culture-historical hypothesis (8-11), (ii) a robust example of the flexible approach advocated by Gilbert et al. (31) that uses ancient DNA techniques to address questions of human evolution, and (iii) a valuable dataset that should be used in conjunction with data from modern populations to build a more complete model of the origins and spread of LP in Europe.
Materials and Methods
Archaeological Bone and Tooth Samples. Bone and tooth material was excavated in eastern Germany, Hungary, northeastern Poland, and northeastern Lithuania (SI Table 3 ). Three specimens (DEB 1, DEB 3, and DEB 4) are from the Derenburg Meerenstieg II cemetery in the northern Harz region of eastern Germany. The burials belong to the Neolithic Linear Pottery culture (58) and thus to the earliest farmers of central Europe. Three individuals (SZA23.1, SZA23.2, and SZA23.3) are from the Szarvas site, located on the Great Hungarian Plain, District of Békés, southeastern Hungary. The skeletons belong to the Körös Culture, which appeared in eastern Hungary in the early 8th millennium B.P. (59, 60) . Two skeletons are from the burial site of Kretuonas 1B in eastern Lithuania. These burials belong to the Middle Neolithic Narva culture and are radiocarbondated to the 6th millennium B.P.
Tooth material of a Mesolithic individual stems from Drestwo, a site in the Suwalki region of northeastern Poland. Individual DR 2 belongs to the Mesolithic Zedmar culture and is radiocarbon-dated to the late 5th millennium cal B.P. (J. Siemaszko, personal communication). One skeleton (burial 382) stems from the early medieval Merovingian burial ground Eltville in Hesse, southwestern Germany and is dated to the 4th to 6th century A.D.
Additionally, we analyzed animal samples from Derenburg, Szarvas, and geographically closely situated sites of similar geology in Hungary.
DNA Extraction. DNA extraction was performed in a laboratory that is dedicated to ancient DNA work and free of other molecular work. The bone and tooth material was exposed to UV light for at least 30 min on each side. A part of the bone surface and as much as possible of the tooth surface was abraded by using a rotary drill (Dremel, Breda, The Netherlands), to remove surface contamination. Approximately 1 cm 3 of bone was drilled out and cut into small pieces. For teeth, only the roots were used. After a second exposure to UV light, bone and tooth material was ground to a fine powder by using a mineralogy mill, (MM200; Retsch, Haan, Germany) and DNA was isolated by following the protocol described by Burger et al. (61) . At least two independent DNA extractions were performed for each individual. To detect possible contamination by exogenous mod-ern DNA we used extraction blanks as negative controls. During all steps of sample preparation we took all possible precautions to guard against contamination: gloves, face masks, and overalls were always worn. All laboratory equipment (tubes, pipettes, filter tips, etc.) was sterilized by exposure to UV light. All surfaces were cleaned with soap and bleach before and after working. Water was cleaned under constant agitation by irradiation with a water-proof UV-bulb for 10 h.
STR Analysis. Amplification of STRs was performed by using an AmpFlSTR Profiler Plus Kit (Applied Biosystems, Foster City, CA) according to the manufacturer's instructions, but halving the recommended final reaction volume to 25 l: 1ϫ PCR Mix, 1ϫ Primerset, 2.5 units of AmpliTaqGold (Applied Biosystems) and 1-5 l of DNA extract. Cycle conditions consisted of an initial denaturation of 6 min at 95°C followed by 45 cycles of 1 min at 94°C, 1 min at 59°C, 1 min at 72°C, and a final extension of 2 h at 60°C. Amplification products were analyzed by capillary electrophoresis on an ABI Prism 310 Genetic Analyzer (Applied Biosystems). Amplification was repeated six to nine times from at least two extracts. Allelic dropout rates were calculated in the following way: in cases where the final STR consensus profile was heterozygous, homozygous results in individual amplifications were rated as allelic dropout and divided by the number of amplifications. Locus dropout was considered when no allele was amplified, and simultaneously, amplicons of the same or of greater length were amplifiable in the same reaction.
SNP Analysis. We designed two oligonucleotide primer pairs (lac5 and lac6) (see SI Table 5 Further, a 94-bp fragment of mtDNA (L16209, H16303) (SI Table 5 ) was coamplified with the two SNP loci in a multiplex PCR approach. Multiplex PCR amplifications were similar to the above-mentioned protocol but with an increase of DNA extract to 5-7 l.
PCR cycling conditions were as follows: an initial 6 min incubation at 94°C, followed by 48 cycles of 94°C for 30 sec, 53-55°C for 40 sec, 72°C for 30 sec, and final elongation at 64°C for 45 min. One extraction blank and at least two PCR negative controls were included in each PCR experiment. Amplification products purified by using the Invisorb Rapid PCR Purification Kit (Invitek, Berlin, Germany) according to the manufacturer's instructions.
LP-associated SNPs (Ϫ13.910*-C/T and Ϫ22.018-A/G) were assayed by minisequencing, using the ABI Prism SNaPshot Multiplex kit (Applied Biosystems). For each SNP one minisequencing primer (lac7mini, lac8mini, SI Table 5 ) was computer-evaluated to optimize the melting temperature and to exclude the existence of interfering secondary structures by using IDT's SciTools OligoAnalyzer, version 3.0 (http:// biotools.idtdna.com/analyzer/). Primer extensions were carried out in a final reaction volume of 8 l, with 1 l of purified PCR product, minisequencing primers (0.15 M each), HPLC-H 2 O, and 3 l of SNaPshot Multiplex Ready Reaction Mix, and by using 25 cycles of the following: 96°C for 10 sec, 55°C for 5 sec, and 60°C for 30 sec. Postextension products were treated with shrimp alkaline phosphatase (MBI Fermentas) and then analyzed by capillary electrophoresis on an ABI Prism 310 Genetic Analyzer (Applied Biosystems), using the GeneScan Analysis software, version 3.1 (Applied Biosystems).
DNA Cloning and Sequencing. In seven cases, C residues showed an additional minor T peak after minisequencing. In those cases, PCR products were additionally ligated into a pUC18 (T vector, our own production) and used to transform an E. coli culture (RR1). Selected clone colonies were directly PCR amplified by using universal M13 primers. After subsequent cycle sequencing and capillary electrophoresis, data were analyzed by using the programs Seqman II and MegAlign (DNASTAR).
Statistical Analysis of Data. The upper estimate of allele frequency (P) given zero observations was made by using the formula P ϭ 1 Ϫ ␣ (1/n) , where ␣ is the probability of no occurrences of an allele in n observations. Early Neolithic (Ϸ7,000 years ago) Ϫ13.910*T allele frequencies were estimated for certain values for selection (S) by using a simple deterministic model of allele frequency change assuming (i) a modern-day central European Ϫ13.910*T allele frequency of Ϸ0.5, (ii) the coefficient of selection to have been constant over the time, (iii) a panmictic central European population, and (iv) an intergeneration time of 30 years. The expected generation-by-generation allele frequencies were calculated forward through time in Microsoft Excel, starting with very low frequencies, and using equation 3.5 from Maynard Smith (62) . The Neolithic allele frequency was found by looking up which frequency would change to 0.5 in 233 generations for a certain value of S.
